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Three-Dimensional Atom Probe Tomography of
Oxide, Anion, and Alkanethiolate Coatings on Gold
Yi Zhang and Andrew C. Hillier*
Department of Chemical and Biological Engineering, Iowa State University, Ames, Iowa 50011
We have used three-dimensional atom probe tomography
to analyze several nanometer-thick and monomolecular
films on gold surfaces. High-purity gold wire was etched
by electropolishing to create a sharp tip suitable for field
evaporation with a radius of curvature of <100 nm. The
near-surface region of a freshly etched gold tip was
examined with the atom probe at subnanometer spatial
resolution and with atom-level composition accuracy. A
thin contaminant layer, primarily consisting of water and
atmospheric gases, was observed on a fresh tip. This
sample exhibited crystalline lattice spacings consistent
with the interlayer spacing of {200} lattice planes of bulk
gold. A thin oxide layer was created on the gold surface
via plasma oxidation, and the thickness and composition
of this layer was measured. Clear evidence of a nanom-
eter-thick oxide layer was seen coating the gold tip, and
the atomic composition of the oxide layer was consistent
with the expected stoichiometry for gold oxide. Monomo-
lecular anions layers of Br- and I- were created via
adsorption from aqueous solutions onto the gold. Atom
probe data verified the presence of the monomolecular
anion layers on the gold surface, with ion density
values consistent with literature values. A hexanethi-
olate monolayer was coated onto the gold tip, and atom
probe analysis revealed a thin film whose ion fragments
were consistent with the molecular composition of the
monolayer and a surface coverage similar to that
expected from literature. Details of the various coating
compositions and structures are presented, along with
discussion of the reconstruction issues associated with
properly analyzing these thin-film systems.
Three-dimensional atom probe tomography (3DAPT) uses
pulsed field evaporation to disassemble a solid sample in an atom-
by-atom fashion.1-4 Spatial and compositional data from the
resulting evaporated species can then be used to develop a
tomographic reconstruction of the atomic-level details of the
sample, including the identity and location of the constituent
atoms. Modern 3DAPT traces its origins to the first microscope
that could visualize atoms, the field ion microscope,5,6 but has
evolved to a state where now a vast array of materials can be
studied. Its uniqueness includes that it can provide both atom-
level species identification and subnanometer scale spatial resolu-
tion within the bulk of a sample.7-10 Indeed, 3DAPT can provide
both structural and compositional information for subsurface and
buried features from a single experiment.7,11 Unique advantages
of the 3DAPT include single-atom sensitivity and better than 0.5
nm spatial resolution in all three coordinate directions. For bulk
material analysis, the compositional sensitivity can reach 10 atomic
ppm or better.12
Although 3DAPT has proven quite successful in its application
to hard materials, including metals, metal alloys, ceramics, and
semiconductors, progress on thin films and coatings, especially
those involving soft materials, has been much more limited.3 The
difficulties encountered in applying 3DAPT to soft materials lie
both in sample preparation and data reconstruction. Typically,
samples must be shaped into sharp, needle-like specimens to
facilitate surface evaporation under an external field. Tip radii
typically must typically be <100 nm in order to support the 10-50
V nm-1 field required for evaporation.13 In addition, the features
of interest must be located near the tip apex region. Therefore,
sample preparation methods such as electropolishing, focused
ion-beam (FIB) milling, and mechanical cutting are generally
insufficient for preparation of thin-film or soft material samples.
Electropolishing, for example, can typically only be applied to
conductive materials. In FIB milling, the sample is irradiated
with gallium (Ga+) ions, which can alter the composition of
subsurface regions and potentially damage the materials or
coatings.14 Mechanical cutting is generally unable to produce
high-quality tips at the nanoscale. The development of new
sample preparation methods and sample designs for thin films
and soft materials is of great importance in order to extend
the analytical ability of 3DAPT.4
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Difficulties encountered in data reconstruction can also be a
major barrier. Thin-film samples can be challenging as a result of
irregular surface evaporation. The appearance of more complex
evaporation fragments from molecular or polymeric systems can
also pose difficulties. In a typical reconstruction algorithm, the
three-dimensional positions of individual atoms are reconstructed
strictly in accordance with the detection sequence of the corre-
sponding ions. In 3DAPT, the surface atoms are ideally evaporated
in a layer-by-layer fashion, which allows the three-dimensional data
to be reconstructed from a series of two-dimensional slices. Since
the evaporation sequence of surface atoms depends on the
potential field distribution, which highly correlates to the geo-
metric shape of the tip apex, tip quality heavily impacts data
reconstruction. This is not a severe restriction in the analysis of
the three-dimensional volume within conventional hard materials
but poses new challenges for the analysis of monolayers, thin
films/coatings, and soft materials. In addition, field evaporation
of nonmetallic materials can pose fundamentally different chal-
lenges. The ions evaporated from metallic materials originate
mainly from single elements.13 However, for poorly conductive
molecular materials, evaporation results in a distribution of
molecular fragments containing multiple atoms.3 Thus, interpreta-
tion of the fragment identity and resolution of the sample
composition is much more complex.
3DAPT has been previously exploited to examine soft materi-
als. Indeed, the first attempt to analyze a biomaterial in the form
of unstained DNA was made nearly 30 years ago by Panitz with
a field ion microscope.15 But a true three-dimensional image of
any organic/biomaterials has yet to be achieved. The entire history
of atom probe analysis of biological materials is composed of only
a very limited list of publications.16-21 More recently, application
of 3DAPT to polymeric22,23 and molecular thin films has been
demonstrated.24 Notably, with recent instrumentation innovations,
such as the incorporation of fast electronics and femtosecond laser-
pulsing systems, analysis of new classes of materials has become
a possibility. A summary of the prospects for application of 3DAPT
to soft materials has been recently discussed.12
The primary goal of the work reported here was to extend
the application of 3DAPT into thin-film systems, with a focus on
well-defined ionic and molecular coatings approaching monolayer
thicknesses. These types of samples represent a fundamentally
new area of application for 3DAPT and pose considerable potential
for exploiting the unique attributes of this technique for a variety
of thin-film and soft material systems. For this work, a gold
substrate was chosen for analysis, along with a series of well-
defined nanometer-thick and monomolecular coatings, whose
features could be compared to known literature results. A freshly
electropolished gold tip was examined to identify the nature of
the typical impurities adsorbed on this surface following prepara-
tion. A thin oxide layer was created, and 3DAPT was used to
identify the thickness and composition of this layer. Monomo-
lecular films of several anions as well as an alkanethiolate
monolayer were also examined. The results indicate that the
3DAPT can accurately identify the composition and specify the
location of these thin coating layers, although some details are
obscured due to limitations in the reconstruction algorithms used
for data analysis.
EXPERIMENTAL SECTION
Materials. Reagents. Acetic acid (Fisher, glacial), absolute
ethanol, perchloric acid HClO4 (Fisher, 70%), HCl (Fisher, ACS
plus), HNO3 (Mallinckrodt, 70%), potassium bromide KBr
(Aldrich, ACS reagent), potassium iodide KI (Sigma, 99.0%),
and 1-hexanethiol CH3(CH2)5SH (Aldrich, 95%) were used as
received. Gold wire (0.20 mm, 99.999%) was purchased from
Ernest Fullam (Latham, NY). The 10 mM KBr and KI solutions
were prepared by dissolving the corresponding salts in 18 MΩ
deionized water (NANOPure, Barnstead, Dubuque, IA). The
10 mM 1-hexanethiol solutions were prepared by dissolving
in absolute ethanol. Electropolishing of gold wire to prepare
atom probe specimens was performed in a solution containing
25% perchloric acid in glacial acetic acid.
Specimen Electropolishing. Atom probe specimens were pre-
pared by electropolishing gold wires using a custom-built elec-
tropolishing tool following a method similar to that used in making
ultrasharp scanning tunneling microscope tips (details of the
electropolishing procedure can be found in the Supporting
Information).25-29 The polishing procedure resulted in the forma-
tion of needle-like specimens, which were subsequently rinsed
with deionized water, methanol, and then acetone to remove the
residual polishing fluid and stored until further use.
Formation of Surface Coatings. Several different surface coat-
ings were created and subsequently examined with 3DAPT. The
bare gold specimen was examined without additional pretreat-
ment. To create a thin oxide layer on the gold surface, a
“precleaned” specimen (vide infra) was treated with oxygen
plasma (model PDC-001, Harrick Plasma, Ithaca, NY) for 5 min
at room temperature. The ionic monolayers were prepared by
dipping the precleaned gold tips in 10 mM KBr or KI solutions
for 10 min. The tips were then rinsed with deionized water. To
construct the thiolate monolayers, the gold tips were immersed
in a 10 mM solution of 1-hexanethiol in ethanol for 30 min. The
tips were then rinsed with pure ethanol to remove physisorbed
species. All coated gold tips were immediately transferred into
the buffer chamber of the 3DAPT for degassing prior atom probe
analysis.
Atom Probe Tomography. Specimen Precleaning. To achieve
clean, well-defined tip apex surfaces, the electropolished gold
specimens were evaporated in a three-dimensional atom probe
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microscope (LEAP 3000X SI, Imago Scientific Instruments) to
“preclean” them and to identify the tip radius before further
treatments. For this procedure, a fresh-made specimen was
mounted in the buffer chamber of the 3DAPT and degassed for
1 h at ∼10-8 Torr. The specimen was then transferred into the
analysis chamber at ∼10-11 Torr and mounted to a cryostage,
which lowered the temperature to 50 K. In the cleaning run,
the specimen was field evaporated under voltage mode. An
ultrafast voltage pulse VPulse, which was superimposed on a
standing dc voltage Vdc, was applied to the local electrode of
the 3DAPT, which was aligned approximately 50 µm from the
specimen. The amplitude of VPulse was kept at a constant fraction
of 10% of Vdc throughout the experiment. The flight distance
to the detector was fixed at 90 mm to maximize the detection
of low-energy fragments that evaporated at lower voltages. The
standing voltage (Vdc) was gently ramped up until the desired
evaporation rate was achieved. Precleaning was performed by
allowing the gold tip to evaporate until the measured Au
concentration reached ∼99% of the detected ions. This pre-
treatment also resulted in smoothing of the specimen apex due
to the higher local evaporation rates that occurred at any tip
asperities. After the cleaning prerun, the specimen was ready
to use as a substrate for thin-film formation.
The coated specimens were analyzed by 3DAPT under laser
mode. Vdc was applied on the local electrode to create an electric
field near to that required for field evaporation. Instead of
utilizing VPulse to initiate the evaporation, an ultrafast pulse laser
was superimposed on the specimens to stimulate thermally
assisted evaporation. The laser pulse frequency was 250 kHz,
and the laser pulse energy was adjusted in the range of 0.2-5
nJ. During analysis, Vdc was ramped up gradually to maintain
a stable evaporation rate. The evaporated ions were detected
by a position-sensitive, time-of-flight mass spectrometer. Each
emitted fragment’s chemical identity and projected position on
the detector plate were recorded and stored in a computer file.
Data reconstruction was performed using commercial software
(IVAS, Imago Scientific). Instrument calibration was performed
with pure aluminum and palladium wire specimens. Calibration
experiments were used to verify the time-of-flight to mass signal
conversion. In addition, detector efficiency, defined as the
percent of evaporated ions that is detected, was estimated by
comparing the measured sample density to known bulk values
for these specimens. The approximate value of this detector
efficiency for aluminum was ∼50%. The majority of this loss of
ions is due to the microchannel plate used in the detector,
which has approximately 50% open area.
RESULTS AND DISCUSSION
Electropolished gold samples were prepared for analysis in
the 3DAPT using a wire-loop polishing procedure typical for
preparation of high-quality scanning tunneling microscopy tips.25,26
An electrolyte composed of 25% perchloric acid in glacial acetic
acid was suspended in a platinum wire loop, and the loop was
translated over a length of a 25 µm diameter, high-purity gold
wire. Application of a dc voltage between +2.5 and +15 V resulted
in oxidation and removal of the gold. Continued electropolishing
of the wire resulted in a thinning and eventual fracture of the wire
into two needle-like specimens. This electropolishing procedure
typically resulted in a sharp tip whose terminus possessed a radius
of curvature of ∼100 nm or less (Supporting Information, Figure
A.1). Smoothing of the tip was often achieved by additional
polishing near the tip apex. The region of interest for subsequent
analysis in the 3DAPT consisted of a cone of the tip apex region
(Supporting Information), being either bare gold or with a coating
subsequently deposited onto the surface.
A typical evaporation sequence for a freshly prepared gold tip
is shown in Figure 1. The voltage profile (Figure 1A) depicts an
increase in the standing voltage that is applied to the tip during
the initial stages of gold evaporation. In a typical 3DAPT measure-
ment, the tip radius (R) is proportional to the fully evolved
standing voltage (V) according to
R ) V/kfFe (1)
where Fe is the material’s evaporation field (Fe ) 53 V nm-1
for gold) and kf is a geometric factor (∼3.5). The tip radii for
our gold samples were verified following their initial evapora-
tion run and before further coating by noting the final standing
voltage. Field evaporation in the 3DAPT occurs via the
application of a large positive electric field, which results in
ionization of surface atoms to create positively charge species,
which are then propelled from the sample along electric field
lines into a detector, which consists of a position-sensitive, time-
of-flight mass spectrometer. Results depicting a recording of
the raw time-of-flight (TOF) versus ion sequence during initial
stages of the evaporation of this gold tip are shown in Figure
1B. Two regions are noted in this spectrum. The early stage of
evaporation (<25 000 ions) is characterized by the removal of
surface adsorbates (vide infra). The mass fragments for these
surface species are typically concentrated in the low-mass region
Figure 1. (A) Voltage profile recorded during field evaporation of a
gold needle tip in 3DAPT. (B) Uncorrected time-of-flight spectra
recorded during field evaporation of a gold needle tip.
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(Figure 1B, surface). Once the surface layers are removed, the
mass spectrum is dominated by peaks corresponding to bulk gold
ions from the sample at ∼900 and 1300 ns.
Continued evaporation of this sample results in a data set that
is dominated by bulk gold features. A cumulative mass spectrum
acquired after evaporating ∼300K ions is illustrated in Figure 2A.
In this figure, the raw TOF data has been converted into mass-
to-charge ratio and binned into a spectral format. The spectrum
is dominated by peaks associated with the Au+ (197 Da) and Au2+
(98.5 Da) ions. A slice of a three-dimensional reconstruction
of a larger 3DAPT data set for gold is depicted in Figure 2B.
The sample size in this reconstruction is a cylinder of ap-
proximately 25 nm radius and 50 nm depth. The average measured
ion density of the gold in the reconstruction ranges between 0.2
and 3 × 1022 ions cm-3, which approaches 50% of the bulk gold
density of 5.9 × 1022 atoms cm-3. This is consistent with a
detector efficiency of ∼50% for the 3DAPT.30 In addition,
crystalline structure can be observed in a magnified view of
the sample (Figure 2C). The observed layer spacing is identified
by solid lines and exhibits a thickness of ∼0.18 nm. A Fourier
transform of the high-resolution image (Figure 2C, inset) clearly
shows the sample periodicity. The layer spacing measured with
the 3DAPT for this tip is similar to the spacing of the {200} lattice
planes in bulk gold of 0.204 nm.31
During field evaporation, gold tends to exhibit several undesir-
able characteristics. The ability to identify crystalline regions in
the gold is generally rather challenging. This is possibly due to
the nature and quality of the gold wires used in preparation of
these samples, which could be improved via annealing. In addition,
these gold tips have a tendency to fracture easily and elicit a
somewhat nonuniform evaporation rate. However, gold benefits
from being relatively inert and exhibiting low levels of surface
impurities when compared to other metals used as 3DAPT tips.
In addition, gold can be readily modified with various films and
covalently linked to surface functional groups using a variety of
well-established modification strategies for subsequent analysis.
Analysis of the structure and composition of the surface region
of a clean gold sample is shown in Figure 3. Typical surface
adsorbates are shown in the cumulative mass spectrum (Figure
3A) of the outermost surface layers. The dominant peaks cor-
respond to H2O+ (18), Cl+ (35), N2+ or CO+ (28), and CO2+
(44). These species are concentrated at the surface of the gold
tip as shown in the reconstruction image (Figure 3B). The origin
of these adsorbates is likely due to exposure to the electropol-
ishing solution (Cl from oxidation of ClO4-) and air exposure
(H2O, N2, CO, and CO2) that occurs prior to placing the sample
in the vacuum chamber of the 3DAPT. Once the surface
contaminants are removed via evaporation, subsequent runs
show a clean (>99%) gold sample. For all subsequent measure-
ments, the freshly prepared gold tips were placed in the 3DAPT
chamber and an evaporation prerun was performed to remove
surface contaminants. This prerun also served to smooth the
surface because rough features on freshly prepared tips tend
to evaporate rapidly. In addition, this prerun allowed us to
identify the gold tip radius via the standing voltage applied to
the tip prior to deposition of additional surface films. In the
following sections, analysis of various nanometer-thick and
monomolecular layers on gold is performed using the 3DAPT.
(30) Gault, B.; de Geuser, F.; Stephenson, L. T.; Moody, M. P.; Muddle, B. C.;
Ringer, S. P. Microsc. Microanal. 2008, 14, 296–305.
(31) Takai, Y.; Hashimoto, H.; Endoh, H. Acta Crystallogr. 1983, A39, 516–
523.
Figure 2. 3DAPT results for a “clean” gold needle tip. (A) Full
cummulative mass spectrum showing dominant gold peaks (Au+ )
197 Da and Au2+ ) 98.5 Da). (B) XZ slice of the reconstructed
tomography of a gold needle tip. (C) Magnified view of the gold region
showing atomic crystal layers. The layer thickness is denoted by
arrows. Inset: Fourier transform image showing layer periodicity.
Figure 3. (A) Cummulative mass spectrum from a gold tip in the
low-mass region showing typical surface contaminants, including
H2O+ (18 Da), Cl+ (35 Da), N2+ or CO+ (28 Da), and CO2+ (44 Da).
(B) Three-dimensional reconstruction of a gold tip showing the low-
mass surface contaminants (spheres) on a gold isoconcentration
(99% Au) surface.
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Oxide Coating on Gold. Oxide coatings can be readily
prepared on gold surfaces via thermal oxidation, electrochemical
treatment, or via plasma oxidation. Oxygen activated by high-
frequency discharge can be used to create an oxygen-rich plasma,
which will controllably oxidize gold to a defined depth. In previous
studies using flat gold samples, exposure to oxygen plasma
produced gold oxide with the stoichiometry of Au2O3, which can
be distinguished from physisorbed O2 molecules as evidenced
by binding energy shifts in X-ray photoelectron spectroscopy
(XPS).32,33 The thickness of these oxide layers was typically on
the order of ∼1 nm, depending upon the plasma exposure time.34
The 3DAPT can be used to reveal the surface composition and
thickness of an oxide coating on gold. In addition, mass spectral
analysis can be expected to provide useful information to identify
the film composition.
An oxide-coated gold tip was prepared by first electropolishing
a gold wire and then performing a prerun in the 3DAPT to clean
and smooth the surface. As noted earlier, a gold tip that had been
prerun in the 3DAPT resulted in a clean sample that showed
predominantly Au+ and Au2+ ions during subsequent evapora-
tion runs. Following this prerun, the sample was then exposed
to an oxygen plasma for 5 min at room temperature. Following
plasma treatment, the sample was immediately placed under
vacuum for ∼6 h to degas before analysis with the 3DAPT.
Field evaporation of the oxide-coated gold specimen resulted
in a mass spectral signature with clear evidence of an oxide layer
near the tip terminus (Figure 4, parts A and B). Similar to the
mass spectrum from the precleaned gold surface, Au2+ and Au+
peaks were found (Figure 4A). In addition, significant peaks were
also found at masses corresponding to AuO+ (213 Da) and AuO2+
(229 Da). Notably, the AuO+ and AuO2+ peaks do not appear
in the mass spectra for either precleaned or freshly prepared
gold tips. The gold oxide peaks are also accompanied by the
appearance of substantial O+ (16 Da) and O2+ (32 Da) peaks
(Figure 4B), which dominate the low-mass region. Water remains
a significant feature on the tip surface, presumably due to the
hydrophilic nature of the gold oxide layer. Thus, the mass
spectrum shows clear evidence of enhanced oxygen content near
the tip terminus.
A three-dimensional reconstruction of the oxide-coated gold
sample illustrates the details of the tip composition and layer
thickness (Figure 4C). The reconstruction image depicts an
oxygen-enriched surface region corresponding to the oxide layer
and then an increasing gold content deeper into the sample. This
image was created by identifying all oxygen-containing species
not associated with water (O+, O2+, AuO+, and AuO2+) and all
gold ions (Au+, Au2+, AuO+, and AuO2+) and then decomposing
them into oxygen (red) and gold (yellow) atoms. A clearer
picture of the composition distribution down the length of the
sample is depicted in a plot of the atomic concentration of Au
and O (Figure 4D). Near the surface of the tip, the oxygen
content approaches 60%, while the gold accounts for the remaining
40%. These ratios would give an oxide composition of Au2O3,
which is consistent with literature reports of XPS measure-
ments of gold oxides fabricated via oxygen plasma.32,33 The
oxygen content in the sample decreases deeper into the sample
to approach a composition near AuO at a depth of ∼10 nm. At
this depth, there is a rapid rise in gold content and a rapid
decrease in oxygen content, which is indicative of the interface
between the oxide and gold regions. The measured thickness of
the oxide layer is relatively thick at 8-10 nm when compared to
the thickness of gold oxide formed via oxygen plasma on planar
surfaces.34 However, the extremely sharp geometry of the gold
tip would allow oxide formation on both the tip and the sides of
the sample, thus producing a much larger apparent thickness than
expected for a flat sample.
Ionic Monolayers on Gold.Monolayer formation on gold due
to the adsorption of small molecules, including various ionic
species, has received considerable attention. A variety of surface
analytical tools, including scanning tunneling microscopy (STM),
Auger electron spectroscopy (AES), low-energy electron diffraction
(LEED), and electrochemical methods have been used to char-
acterize the layers that form from ion adsorption on gold surfaces.
In electrochemical systems, ion adsorption is a particularly
important phenomena, and studies of the interaction of simple
anions such as bromide and iodide have provided considerable
(32) Armstrong, N. R.; White, J. R. J. Electroanal. Chem. 1982, 131, 121–136.
(33) Pireaux, J. J.; Liehr, M.; Thiry, P. A.; Delrue, J. P.; Caudano, R. Surf. Sci.
1984, 141, 221–232.
(34) Ron, H.; Rubinstein, I. Langmuir 1994, 10, 4566–4573.
Figure 4. 3DAPT results for an oxide-coated gold needle tip formed
by a 5 min exposure to an O2 plasma. (A) Cummulative mass
spectrum in the high-mass region showing Au+ (197 Da), AuO+ (213
Da), and AuO2+ (229 Da). (B) Mass spectrum in the low-mass region
showing O+ (16 Da), H2O+ (18 Da), O2+ (32 Da), and CO2+ (44 Da).
(C) Three-dimensional reconstruction of an oxide-coated gold tip
showing AuOx (red, all oxygen-containing ions) and Au (yellow). (D)
Depth profile of Au and O atomic compositions from deconvolution
of gold- and oxygen-containing species showing the oxide composi-
tion between Au2O3 at the surface and AuO near the Au interface.
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insight into the nature of the electrode-electrolyte interface.35-38
These species form strongly bound adsorbates on gold via simple
exposure of aqueous solutions containing salts of these anions.
Adsorbed layers of bromide and iodide were used here as a
simple test case for the ability of the 3DAPT to detect monomo-
lecular layers. Anion layers were formed by exposure of pre-
cleaned gold tips to aqueous solutions containing 10 mM KBr or
KI. Following exposure to the salt solutions, the gold tips were
rinsed with deionized water, dried under nitrogen, and then placed
in the vacuum chamber for degassing. 3DAPT results for iodide-
coated gold are shown in Figures 5 and 6. Results for a bromide-
coated gold surface are also available (see the Supporting
Information). Figure 5 depicts several regions of the mass spectra
for the iodide-coated gold tip. In the high-mass region (Figure
5A), a large peak corresponding to Au+ is seen, along with a
new peak at 324 corresponding to AuI+, indicating the presence
of iodide at the surface. In addition, peaks associated with the
evaporation of individual iodide ions appear in the intermediate-
mass region (Figure 6B), with singly (I+, 127) and doubly
charged (I2+, 63.5) iodide, along with doubly charged gold
(Au2+, 98.5). A notable feature of the low-mass region (Figure
5C) is the appearance of a small water peak (H2O+, 18) but the
absence of other peaks associated with typical surface con-
taminants (N2, CO2, etc.). This is likely the result of the iodide
forming a dense and strongly bound monolayer on the gold
surface, which protects it from adsorption by other species.
A picture of the location and size of the iodide layer on gold
can be seen from a three-dimensional reconstruction of the 3DAPT
data. Figure 6 depicts a side (Figure 6A) and plan (Figure 6B)
view of the gold iodide reconstruction. A dense iodide layer is
located at the outer surface of the gold. The thickness of this layer
is approximately ∼1 nm, and the majority of the iodide species
are located within this layer. The uniformity of the iodide coverage
is indicated in Figure 6B, where there is a variation in surface
density. Presumably, the difference in coverage across the gold
tip is related to the structure and crystallinity of the gold tip. An
average ion surface density calculated for the iodide layer based
upon the 3DAPT data was 1.8 ions nm-2. With an approximated
detector efficiency of 50%, this number is comparable to the
ion density values determined for iodide-covered gold surfaces
from STM or LEED.35,38 Notably, iodide surface densities of 4.6
and 4 ions nm-2 for the Au (111) and Au (100) surfaces are
expected based upon a surface coverage of ∼0.3 monolayers,
which is typical for adsorption from aqueous solutions. These
results demonstrate the ability to detect a single monolayer of
adsorbed ions on the surface of this gold specimen using the
3DAPT.
Alkanethiolate Monolayer on Gold. Alkanethiolate mono-
layers represent a well-studied class of monomolecular coatings
that provide a robust and well-defined organic film at the surface
of various metals.39,40 Indeed, a great deal is known about the
structure and composition of various alkanethiolate molecules on
gold surfaces.41 In this work, we examined an alkanethiolate
coating on a gold tip with the 3DAPT as a representative organic
coating. The ability of the 3DAPT to analyze nonconductive films,
including organic, polymeric, and even biological systems, rep-
(35) Gao, X. P.; Weaver, M. J. J. Am. Chem. Soc. 1992, 114, 8544–8551.
(36) Tao, N. J.; Lindsay, S. M. J. Phys. Chem. 1992, 96, 5213–5217.
(37) McCarley, R. L.; Bard, A. J. J. Phys. Chem. 1991, 95, 9618–9620.
(38) Bravo, B. G.; Michelhaugh, S. L.; Soriaga, M. P.; Villegas, I.; Suggs, D. W.;
Stickney, J. L. J. Phys. Chem. 1991, 95, 5245–5249.
(39) Laibinis, P. E.; Whitesides, G. M.; Allara, D. L.; Tao, Y.-T.; Parikh, A. N.;
Nuzzo, R. G. J. Am. Chem. Soc. 1991, 113, 7152–7167.
(40) Sellers, H.; Ulman, A.; Shnidman, Y.; Eilers, J. E. J. Am. Chem. Soc. 1993,
115, 9389–9401.
(41) Porter, M. D.; Bright, T. B.; Allara, D. L.; Chidsey, C. E. D. J. Am. Chem.
Soc. 1987, 109, 3559–3568.
Figure 5. Mass spectra for 3DAPT run on an iodide-coated gold
tip. Mass spectra showing peaks associated with (A) high-mass, (B)
intermediate-mass, and (C) low-mass regions.
Figure 6. Three-dimensional reconstruction of an iodide layer on
gold. (A) Side and (B) plan-views of an iodide layer and the gold
substrate. Iodide ions are represented by purple spheres.
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resents a newer application of this technique, which is now
possible due to the ability to supplement the traditional voltage-
pulsing atom probe with high-speed laser pulsing.24
Chemisorption of a monolayer of 1-hexanethiol (HT )
CH3(CH2)4CH2SH) was achieved by exposing a gold tip to a
10 mM solution of HT in ethanol for a period of ∼0.5 h. The
gold tip was first prepared by electropolishing and then cleaned
and smoothed by performing a prerun on the sample in the
3DAPT. Following exposure to HT, the tip was coated with a
monolayer of the thiolate, which was chemisorbed on the
surface via the formation of a Au-S bond (Figure 7A).
Results of an evaporation run on the HT-coated gold tip are
shown in Figure 7, parts B and C. Figure 7B shows the detected
mass signal as a function of ion sequence and illustrates the time
sequence of events during evaporation. Early stages of the
evaporation are accompanied by the detection of a large number
of mass signals ranging primarily between 0 and 300 Da, with a
large concentration of peaks in the low-mass region below 100
Da. These mass signals can be attributed to the alkanethiolate
film on the tip surface. With continued evaporation, the mass
signals transition into a region dominated by peaks associated
with bulk gold and very few additional peaks.
A cumulative mass spectrum acquired over the time span of
this experiment is shown in Figure 7C. Many more mass signals
are evident as compared to an unmodified gold tip (Figures 1B
and 2A). Peaks associated with gold (Au+ 197 and Au2+ 98.5)
are seen, as well as numerous additional peaks. These ad-
ditional peaks are primarily the result of evaporation of various
fragments of the HT film layer and only appear during the early
stages of evaporation.
A selection of magnified regions of the cumulative mass
spectrum are shown in Figure 8, with a selection of these peaks
indexed and tabulated (Supporting Information). In the high-mass
region (Figure 8A), gold-containing ions are found, including Au+
(197), Au(H2O)+ (215), Au(N2)+ or Au(CO)+ (225), AuS+ (229),
and a few surface-related peaks. The 229 peak is likely due to
the Au-S bond from the alkanthiolate. Peaks separated by one
mass unit potentially involve additional H ions in the evaporated
fragment (Au-SH+ at 230). In addition, evaporated fragments
containing both strongly bound (Au-S) and more weakly
bound species (Au-H2O) are commonly seen. There is also
evidence in Figure 8C of a peak at ∼315 Da due to evaporation
of a complete Au-S(CH2)5CH3+ ion. In the intermediate-mass
regime (Figure 8B), there is evidence of the evaporation of the
complete hexanethiolate molecule, S(CH2)5CH3+. Notably, the
molecular weight of the 1-hexanethiol is 118.24, and there are
a series peaks between 114 and 118 Da. During field evapora-
tion, the complete hexanethiol molecules are losing several
hydrogen atoms to form lighter ions with 1-3 less mass-to-
charge ratios than the complete molecular ion.
In the low-mass region (Figure 8C), groups of peaks can be
found whose mass-to-charge ratios are consistent with the mass
of ions formed by fragmentation of the hexanethiolate molecules.
Notably, evaporation was carried out with the standing voltage
Vdc in the range of 2000-8000 V. Thus, the field strength near
the gold tip surface was in the neighborhood of 10-40 V/nm
during evaporation of the organic layer, which is high enough
to cause fragmentation of the organic chains. The linear alkane
chains of the thiols can be broken into shorter fragments in
Figure 7. (A) Schematic of a hexanethiolate molecule chemisorbed
to a gold surface. (B) Uncorrected time-of-flight spectra recorded
during field evaporation of hexanethiolate on gold. (C) Complete mass
spectrum from 3DAPT of a hexanethiolate coating on gold showing
primary gold peaks of Au+ (197 Da) and Au2+ (98.5), plus numerous
additional peaks due to the hexanethiolate monolayer.
Figure 8. Various regions of the complete gold hexanethiolate mass
spectrum highlighting surface species in (A) high-mass, (B) intermedi-
ate-mass, and (C) low-mass regimes.
6145Analytical Chemistry, Vol. 82, No. 14, July 15, 2010
the form of CnHx. Under a high positive electric field, these
fragments can lose one or more hydrogen atoms and form
lighter ions. Notably, clear evidence in the low-mass region
can be found for molecular fragments associated with C1Hx
(14-15), C2Hx (27-29), C3Hx (36-38), and C4Hx (55-56).
There is also evidence for sulfur-containing species, such as S
(32) and SCHx (44-46). Hydrogen is also a significant signal
(1-2 Da) in this region containing the hexanethiolate on gold.
Notably, the signal for hydrogen is nonexistent from a clean
gold tip (Figure 3A). Thus, this hydrogen is presumed to be
generated from the alkanethiolate film. A calculation of the relative
amounts of sulfur, carbon, and hydrogen (vide infra) give a
stoichiometry that closely matches the known composition of the
hexanethiol molecule, which strongly supports the proposition that
the monolayer is the origin of the hydrogen, as well as the sulfur
and carbon species.
Following analysis of the mass spectra and assignment of the
various peaks, a three-dimensional reconstruction of the hex-
anethiolate-coated gold tip could be developed. Figure 9A depicts
a reconstruction of this sample as represented by isoconcentration
surfaces for gold (yellow) and carbon (purple) regions. In order
to identify the hexanethiolate layer, the ions were decomposed
into elements to construct atomic isoconcentration surfaces. Since
the carbon atoms arise solely from the hexanethiolate molecules,
their spatial distribution provides information about the location
of the monolayer coating. Upon the basis of the details of this
figure, the hexanethiolate layer is located entirely on the surface
of the gold tip, with a thickness of approximately 2 nm.
Greater detail of the layer composition and thickness can be
deduced from a concentration profile down the length of the
sample (Figure 9B). This data was created by decomposing the
various ions from the mass spectral analysis into their constituent
atoms to deduce their elemental concentrations. At the outermost
sample region (depth ) 0), the sample is dominated by mass
signals from carbon, hydrogen, and sulfur. There is a significant
change in concentration at a depth of ∼1.8 nm, indicating the
transition from the surface film to the bulk gold layer. At this
depth of 1.8 nm, the C, H, and S concentrations decrease
dramatically, while the Au content increases to over 95%. However,
within the film layer, the concentrations of C, H, and S remain
nearly constant, Indeed, the ratio of these concentrations can be
used to deduce the layer composition. The stoichiometry of the
hexanethiolate layer is calculated from the 3DAPT data to be
C6H13.4S, which is nearly identical to the known composition
of hexanethiolate ions C6H15S-.
In addition to the layer composition, the surface density of the
hexanethiolate can be determined. The ion density as measured
with 3DAPT for the hexanethiolate layer in this sample gives a
value of 0.82 molecules nm-2. Using the detector efficiency of
50%, this would translate to a density of ∼1.6 molecules nm-2.
This compares favorably to reported coverage values reported
for alkanethiolates on polycrystalline gold, which have a surface
density of 4.6 molecules nm-2.39
According to the data in Figure 9B, the measured layer
thickness of the hexanethiolate is 1.8 nm. However, the thickness
of this layer should be in the neighborhood 0.6-0.8 nm, which is
much thinner than what is determined here.41 The discrepancy
is likely the result of an overestimate of the layer thickness due
to limitations in the reconstruction algorithm used to analyze this
data. Current reconstruction algorithms rely on a single-compo-
nent material model, where one value is used for the evaporation
field (Fe). In this case, the field for gold (Fe ) 53 V nm-1) is
used to estimate sample dimensions for the entire sample.
However, the evaporation field for the organic layer is likely
to be considerably smaller than that of gold. Thus, it is not
surprising that using the evaporation field for gold would lead
to a gross overestimate of the thickness of this organic layer.
In order to more accurately reconstruct the geometry of this
and other nonmetal layers, a more precise measure of the
evaporation field is needed as well as a reconstruction algorithm
that can adapt to reconstruction of multiple components with
dramatically different fields.
CONCLUSION
In this report, various nanometer-thick and monomolecular
layers were constructed on needle-like gold tips for analysis with
three-dimensional atom probe tomography. Although gold tends
not to evaporate as smoothly as typical metal specimens used in
3DAPT, such as aluminum or tungsten, it does present distinct
advantages, especially for the analysis of coated films. Due to the
inert nature of gold, it can provide a relatively contaminant-free
and stable surface, which simplifies subsequent analysis of surface
layers. Also, a large variety of well-studied and controllable
methods are available for the creation of well-defined films on its
Figure 9. (A) Three-dimensional reconstruction of alkanethiolate on
gold illustrating carbon and gold isoconcentration surfaces. (B) Atomic
concentration depth profile depicting the gold, hydrogen, carbon, and
sulfur concentration along the z-direction of the sample. The detected
stoichiometry of the top layer is C6H13.4S, which is consistent with
the composition of hexanethiolate molecules.
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surface. Results using a selection of oxide, anion, and alkanethi-
olate coatings indicates that 3DAPT is able to identify the location
and composition of these layers on the gold surface. For gold
oxide, the oxide composition as determined by 3DAPT (Au2O3)
matches very closely to that found for gold oxides formed by
plasma oxidation. Gold iodide and bromide layers were suc-
cessfully resolved, and the surface coverage as determined by
3DAPT matched very closely to literature values. Hexanethi-
olate coatings on gold were examined, and a complex frag-
mentation pattern was observed, but the resulting mass spectra
clearly identified the nature of the fragments, including
primarily C2, C3, and C4 species, along with sulfur peaks and
peaks corresponding to the complete hexanethiolate molecule.
Notably, the overall composition of the thiol layer, as deter-
mined by an atomic decomposition of the mass peaks, matched
very closely to the known molecular stoichiometry. The
coverage of the thiol layer was also consistent with known
values.
Although the composition and ion density of these layers were
found to be consistent with known values, the reconstructed layer
thicknesses tended to be larger than expected. This can be
explained primarily by the fact that the surface layers tended to
have a much lower evaporation field than that of the underlying
substrate. We estimated that the evaporation field for the al-
kanethiolate was at least half of that for the gold substrate. Since
current reconstruction algorithms use a single-element evaporation
field value to determine depth dimensions, these calculations
result in an overestimate of the coating layer thickness. This was
particularly noticeable for the hexanethiolate layer, which showed
a reconstructed thickness of over twice the expected value. It is
anticipated that these limitations can be overcome with refine-
ments in the reconstruction algorithms, which are currently the
focus of further investigation.
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